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(57) Abstract: In order to create an optical device with a photonic band gap extending in two dimensions and with very unifonn 
properties in any direction and for any polarisation state, to within 1 %, air holes are etched within a substrate of low refractive 
index material such silicon oxynitride or silica glass. The ratio of air hole area to the remainder of the substrate is low, being less 
than 35 %. The air holes define a quasicrystal structure, having twelve fold symmetry, being based on a squaie4ii angle system. 
In another development, an etched substrate with a regular crystal structure or quasicrystal structure exhibits a non-linear refractive 
index. l\vo adjacent areas in such a substrate have diSerenl lattice properties, or have defects in the lattices, to create a unidirectional 
transmission path (diode action). A further beam of light may be used to modulate the transmission path by reason of the non-linear 
refractive index. 
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Optical devices 

This invention relates to optical devices and, in particular, to optical devices 
incorporating structures exhibiting a photonic band gap, 

5 In our prior application WO 98/53351, there is described a method of controffing 

the propagation characteristics of radiation in wave guides by means of photonic band 
gqjs. Such devices may be formed by Aching a substance which supports propagation 
of radiation at a wavelength of interest, for example visible radiation. This radiation 
may be visible radiation or other forms of electromagn^c radiation such as ultra-violet, 

10 infta-red and terahertz radiatioiL In this specification, the term "optical radiation" 
mcludes such otfier forms of radiation. 

US Patent No. 5,784,400 discloses an optical device incorporating a resonant 
cavity including a planar two-dimoisional periodic dielectric structure which exhibits a 
photonic band and a defect in the periodic dielectric structure which gives rise to an 

15 electronic mode within the photonic band gap. The photonic band gap effects an in- 
plane spatial confinement of electromagnetic radiation generated Avithin the structure. 
Radiation genorated within the defect structure may be conducted therefrom by way of 
a wave guide formed within a photonic band gap region. In an alternative embodiment, 
a defect may be used to control the j&equency characteristics of radiation transmitted 

20 from an input wave guide, via the defect structure, to an output wave guide. The devices 
proposed by US Patent No. 5,784,400 are, however, essentially linear in their 
transmission characteristics. 

US Patent 5,559,825 proposes a photonic band edge diode constmcted using a 
plurality of first and second dielectric layers. The second dielectric layers are 

25 constmcted of a material which has a non-linear dependence on the intensity of the 
incident light and varying path lengths. The layers are arranged in a stack to impart a 
spatial optical anisotropy to the transmission of radiation therethrough. With such a 
device, great precision is required in the fabrication of flie dielectric layers to produce a 
desired transmission characteristic. Furthermore, by virtue of their structure, these 

30 devices are not readily integrated into circuit arrangements with other optical devices. 
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Summary of the Invention 

In a first aspect, tiie present invaition provide a meOiod of fonning a structure 
exhibiting a photonic band gap, the method conq)iising: 

providing a matmal extending in two dimensions, and fomiing in said material, 
5 first r^ons, having a first refi:active index, tihie first regions being ^aced apart by a 
second region or regions of a second refiactive index, tiie regions defining a 
^ quasiciystal exhibiting long range ord^ but short temi disord^, and exhibiting n-fold 
symmetry wherein n is greats than or equal to two, wherd>y to provide a photonic band 
gap extmding in at least said two dim^sions. 
] 0 In a second aspect, the invention provides a stmcture exhibiting a photonic band 

gap* 

wherein the structure includes a material, extending in two dimensions, 
comprising first regions of a first refiractive index spaced from one another by a second 
region or regions of a second refiractive index in order to provide a quasicrystal 

15 exhibiting long range order but short term disorder, and exhibiting n-fold symmetry, 
wherein n is greater than or equal to two, whereby to create a photonic band gap 
extending in at least said two dimensions. 

The more planes of symmetry possessed by the quasicrystal, the more isotropic 
are the optical prop^es of the quasicrystal. The optical properties become generally 

20 uniform in all directions, in particular the width and mid-fiTequency of the photonic 
band gap. For twelve-fold symmetry, the optical properties are uniform to within 4% or 
less, and may be uniform to within 1%, In addition the photonic band gap may extend 
in a third dimension orthogonal to the two dimensions. The photonic band gap 
becomes imiform for all states of polarisation. 

25 Various forms of quasicrystal are possible, and the quasicrystal may exhibit a 

variation in only one dimension, in which case it has a low degree of symmetry, two 
or more. For a quasicrystal having a varying geometry in two dimensions, the 
quasicrystal may exhibit any degree of symmetry greater than 6, e.g. 10 (Penrose 
tiling), 15 or higher. In a preferred embodiment, the quasicrystal is ;based on a 

30 random square-triangle tiling system possessing twelve-fold symmetry. This is 
because such a system possesses a unit cell which lends itself to easy lithographic 
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reproduction in a substrate of materiaL Structures based on Penrose tiling do not have 
a unit cell which can ^sily be replicated for lithogr^hic purposes. As an altmiative, 
the unit cell is based on the known Ardiimedian tiling. 

In a thvd aspect, the invention provides a method of forming a structure 

S exhibiting a photonic band g^, the m^od comprising: 

providing a material, extending in two dim^isions, and having a relatively low 
mdex of refraction, less than or equal to three, and forming in said layer first regions, 
having a first refractive index, the first regions being spaced apart by a second region or 
regions of a second refractive index, the regions defining a quasicrystal exhibiting long 

10 range order but short term disord^ and exhibiting an n-fold symmetry where n is 
greater than or equal to two, whereby to create a photonic band gap extending in at least 
said two dim^isions. 

The material of (he two dimoisionai layer may be dlicon, germanium, siUcon 
nitride or OTcynitride or any of the other semi-conductor materials commonly used in 

IS photonic applications for example indium phosphide or gallium arsenide, or compound 
alloys including these materials, or plastic. As preferred however low index materials 
sudi as silicon nitride or silicon oxynitride, or amorphous glass materials such as silica, 
or plastic, are preferred. A primary advantage of using a low refractive index is that it 
is easy to couple into the stmcture li^t from a waveguide or fiber of glass or other low 

20 refiractive index material whilst incurring minimal loss or back reflection. In this 
q)ecificaiioii, reference is made to the dielectric constant, which is equal to the square 
of the refi:active index. 

In a fourth aspect, Qie invention provides a method of forming a stmcture 
exhibiting a photonic band gap, the method comprising: 

25 providing a material extending in two dimensions and forming in said material 

first regions, having a first refractive mdex, the first regions being spaced apart by a 
second region or regions of a second refi:active index, the regions defining a 
* quasicrystal exhibiting long range order but short term disorder and exhibiting n~fold 
symmetry, wherein n > 12, whereby to create a photonic band gap extending in at least 

30 said two dimensions. 
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The material may extend in fhiee dimensions^ and the regions defining the 
qnasicrystal may extend in a third direction petpradicolar to the two dimensions. In 
one ^bodiment, the qnasicrystal stmcttire may fomi a cladding or the core of an 
optical fibor, the regions defining die qoa^oystal extending along die length of the 
5 fibre, a finr&erembodiment, die regions ofthequasiGtystal may be fi>n^ 

dimensional aiiay in order to provide a quasioystal geometry extending in three 
dimensions. In a finlher CTibodimrat, flie first regions are.foimed as bars extending in 
one of the dimensions, and tiie spacing q)art of die bars is nonrlinear in ord^ to provide 
{be two-dhnensional band gap. In a prefen:ed embodunent^ the quasioystal geometry is 
10 defined m said two dimensions only. 

In a fifth aspect, die invention provides amediod of forming a structure exhibiting 
a photonic band g^, the mediod conq>rising: 

providing a material, ext^ding in two dimensions, and etching die material to 
remove material in predetermined areas, the etdiing extending in a direction 
15 perpendicular to said two dimensions, whereby to define first regions having a first 
refractive index spaced by a second region or regions having a second refiractive index, 
whereby to define a quasioystal exhibiting long range order but short tema disorder and 
exhibiting n-fold symmetry wherrin n is greater flian or equal to two, whereby to create 
a photonic band gap extending in at least said two dimensions, and 
20 wherein the ratio of the area of the first regions to the area of tibe second regions is 

relatively low, being less dian 35%. 

The advantage of using a low ratio occurs since the etching process is simplified 
and are more accurately defined, and operational efficiency is increased. 

In a fiirther development, we have developed devices exhibiting a photonic band 
25 gap and having non-linear, controllable and/or asymmetric propagation characteristics 
fi>r electromagnetic radiation, whidi can be used as switdies, transistors and diodes. 

According to a finther a^ect of the present invention there is provided a structure 
exhibiting a photonic band gap, 

wherein the stmcture includes a material having fi^t regions of a first refiractive 
30 index spaced Scorn one another by a second region or regions of a second refiractive 
index in order to provide a crystal or quasicrystal structure exhibiting a photonic band 
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gap, wherein the structure modifies the properties of the material to induce a 
significant non-linear effect wherein the refractive index of the structure is dependent 
upon the power of light incident on the structure. 

A surprising characteristic of the present invention is that a material such as 

5 silicon nitride, not being markedly non-Unear, is modified, in accordance with the 
invention to possess a significant non-linear effect 

According to a fiirfhca: aspect of the presrat invaition there is provided an optical 
device comprising a body havmg at least one path there tfarou^ for the transmission of 
optical radiation herein the trananission characteristics of said radiation when 

iO traversing said path are constrained by a first and a second region disposed within said 
body and comprising a material or materials exhibiting a photonic band g^ wherein 
said first and second regions are positioned relative to one another so that an evanescent 
field associated with the photonic band g^ of said first region interacts with an 
evanescent field associated with the photonic band gap of said second region to cause 

15 said transmission characteristic to be esswitially non-linear, asymmetric or controllable. 
According to a finther aspect of the present invtotion there is provided an optical 
device having an optical transmission path through first and second ac^ acent areas, each 
area being formed fiom a matraial, first regions of a first refractive index spaced apart 
by a second region or regions of a second refiractive index, said regions defining a 

20 crystal or quasi crystal structure having a photonic band gap, and each such structure 
having defects therein to create photonic states within the band g^ and associated 
evanescent fields, the evanescent fields of the first and second areas being coupled so as 
to pemiit transmission witiiin the photonic band gap, the transmission characteristic 
being non-linear or asymmetric. 

25 By arranging for the photonic states to have slightly different energies, a diode 

action is created, since the light can more easily travel from a higher energy state to a 
lower energy state, than vice versa. Further the non-linear characteristic of the 
invention provides a mechanism by which excess energy can be absorbed. 

According to a fiirther aspect of the present invention there is provided an optical 

30 device having an optical transmission path through first and second adjacCTit areas, each 
area bring formed from a material comprising, in two dimoasions, first regions of a first 
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refractive index spaced apzrt by a second region or regions of a second refiactive index, 
tbe regions definmg a crystal or quasi oy^tal structnre having a photonic band g^, Qie 
photonic band in the two areas having different values, and preferably at least one 
of the first and second areas exhibiting a non-linear refractive index, whmby light 
5 inddent on the one area adjusts the band gap vahie relative to the band of fte other 
area. 

The stroctures may exhibit twelve fold synun^iy in accordance ivith the first 
aspect of tfie invention; alternatively fliey may be formed of triangular (six-fol^ or 
square lattices (four fold) having a lower degree of s}inun^. 

10 As preferred, at least one area has defect sites th^ within, consisting of a s^ of 

sites having a slig^y larger or smaller diam^^ or refiactive index, or differoit shs^e, 
than the bulk of (he lattice sites. Alteznatzvely the defects may be caused by armssing 
lattice site, or a said first region positioned at other than a lattice site. They have die 
effect of introducing a narrow defect mode widiin the wavelength range of the photonic 

15 band gap created by the oystal. The wavelength of this defect mode is strongly 
dq)endent upon defect size. 

As prefored defects in the first region are a different size fix)m diose m the second 
region althoi^ within each region the defects may be of uniform size. Eadb defect 
creates a micro-cavity ^liich may support a localised mode at a wavelength within flie 

20 photonic band g^. Although the defect mode is locafised to the position of the defect it 
has an evanescent field fimction associated with it Tbe evanescent fields within the 
two regions overlap at the boundaries and it becomes possible for photons to become 
transferred between die regions. 

Further in accordance with the invention it has been realised that having defect 

25 modes within the two regions will create cnsigy states at differ^t energy values, and 
hence wavelength values. Thus light may be transmitted fix>m a higher energy state in 
one region to a lower energy state in the adjoining region, the difference in ^ergy 
being absorbed in the second region by latdce vibrations etc. However for light 
travelling in (he opposite direction, it is necessary for the light to gain energy to be able 

30 to transmit in a higher energy state, and there will not normally be available a 



wo Qirm26 



PCT/GBOl/01588 



mechanisni available for absorbing extra oiergy. Thus the light would be reflected and 
will not be able to be transmitted in the opposite direction. 
Brief Descrqition of the Drawings 

The invention will now be paiticulaily described by way of exanipl^ with 
5 reference to the accompanying drawings, m which:- 

Figures I to 14 are graphical diagrams illustrating prq>erties of photonic band gap 
structores of triangiar and square lattices, for use with the invention; 

Figures IS (a) (b) and (c) illustrate the quasicrystal structure in accordance with 
one CTibodunent of the inventioi^ 
10 Figures 16 to 32 define graphics illustrating the optical propoties of the structure 

of Figure 15; 

Rgure 33, 3S and 36 are a scanning electron microgrsph and photographs relating 
to the quasiotystal structure 

Figures 37 to 45 are diagrammatic representations of a group of second 
1 s embodiments of ttie mvention; 

Figure 46 and 47 show experim^atal transmission spectra for triangular lattices 
bowing an aspect of the mvration. 

Description of Preferred Embodiments 

It is a desirable attribute of a photonic crystal that the band gap should extend in 
20 preferably any direction in tfuee dimensions and should exist for all states of 
polarisation, i.e. Transverse Electric (TE) and Transverse Magnetic (TM) states amd 
any combination of the two. This is because if the band gap is non-isotropic then 
there is a risk of photons leaking out in certain directions. 

We have discovered that a two-dimensional periodic structure with finite 
25 thickness, may possess a band-gap extending in &ree dimensions, and that flie band 
gap may remain open for a large range of angles. 

Whilst it is possible to provide photonic band gaps in two and three dimensions 
by means of periodic triangular and hexagonal lattice structures, this can only be done 
with VCTy high dielectric constant materials, which causes undesirable back reflections 
30 and loss when coupUng to an optical fiber. 
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We have discovered stractures which provide isotropic baad gaps in materials 
with low dielectric constants. Furth^ where such materials are formed by etching air 
gaps in a substrate material, only small air filling fractions are required. This helps to 
reduce scattering losses. 

5 Referring to Figures 1-14, the photonic properties of silicon based photonic 

crystals wctc determined by two-dimensional plane wave analysis. Photonic band gap 
air-filling j&action (a.££) msps may be constructed by plotting the edges of the 
absolute photonic band g^ against air-filling firaction. In Aese diagrams, the islands 
enclosed by curves indicate the frequency extent of the photonic band gap as a 

10 function of rod diameter or air-filling fraction. These diagrams yield usefiil 
quantitative information about the behaviour of the photonic band gap as a fimction of 
lattice geometry and dielectric constant. Air-filling firaction maps were evaluated for 
square and triangular arrays of air holes etched in silicon and for the invofse stractures 
(square and triangular arrays of silicon rods in air). For the purpose of generality, the 

15 results are scaled in terms of arbitrary wavelength {X) and lattice pitch (A). 

Directional information about the behaviour of the band gap is retained by 
evaluating the band gap filling fraction map sq}arately for the two principal directions 
of symmetry (T-J and r-Jt)» whore the most extreme variations in band structure are 
expected, and superimposing the curves. Regions where the two sets of band gap 

20 islands overlap indicate the frequency extent of flie complete (non-directional) 
photonic band gap. Non-overlapping regions indicate partial (directional) photonic 
band gaps. Although the band stracture was evaluated for the two extreme 
polarisation states (TB and TM) in each case, these data can be used to make 
predictions about the properties of a photonic crystal for any other linear polarisation 

25 state. 

It when linearly polarised Hg^ht is incident upon a photonic crystal, the wave- 
vectors are rotated shghtly with respect to the plane of the lattice, then both the £ and 
the H wave vector will simultaneously have a component resolved within the plane of 
the lattice. Consequentiy, the photonic properties will show characteristics of both TE 
30 and TM band stractures. The strength of the characteristic would be proportional to. 
the relative ampHtude of the respective wave-vectors within the plane of the lattice. 

8 
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Two-dimensional arrays of air rods («=/) arranged on a square and triangular 
lattice etched into siKcon {n-3.46) were analysed for a large range of air-filling 
fractions, for the TE and TM polarisation states separately. Calculations ware 
pa:fonned using a grid of 15^ lattice points and 61 A-vector samples for each band 
5 diagram, incrementing the air-filling firaction in stqps of 2.5% up to the close packing 
condition at 90%. 

Referring to Figures 1-4, three sets of directional (partial) band gaps were 
detected for the TB polarisation state. The largest band gap Ues between the lower 
bands, and its width increases almost linearly with air-fiUing firaction up to a point 

1 0 whore it rapidly starts to close up. This will be referred to from here on as the primary 
band g^. The primary partial band gap extmds over neariy the entire air-filling 
firaction range for both directions of propagation. Tlie partial band gap is wider for the 
r-Jf direction reachmg a maximum width of 60% mid gap firequency (m.g.f.) at an 
optimal air-filling firaction (a.f.f.) of 63%, in comparison to flie TV direction where it 

15 reaches 55% m-gil at an optimal a.£f. of 65% (Figure 3). 

The regions wh^ the two sets of directional band gaps overlap indicate the 
frequ^cy extent of the complete (non-directional) photonic band g^. Due to a small 
displacement betwe^ the partial band gaps at both extremes of the filling firaction 
range, the filling fiaction range for the non directional band gap is slightiy reduced, 

20 extending from 10%-87% for the primary band gap. Furflier analysis shows that the 
non directional primary band gap reaches a maximum width of 55% nLg.f at an a.£f. 
of65% 

For the TM polarisation state, partial band gq)s opm between most of the lower 
bands for one or other direction. However, under these conditions, the partial band 

25 gaps rarely overlap. A large partial band gap opens in theT-JST direction between 
bands 1-2 over most of the a.f.f range. A much larger primary partial band gap opens 
between bands 2-3. Again this opens at a much lower a-£f (37%) for the F-X 
direction than for die F-J direction (55%) resulting in a small complete band gap for 
a.£f above 55%. This reaches a maximum widtti of 33% for the F-JST direction at an 

30 optimal a.££ of 78%, and 22% for the V-J direction at an optimal a.f £ of 85% 
(Figure 4). 
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Super-imposing the a.f.£ maps for tiie two polarisation states upon one another, 
non polarisation dependant (absolute) band gaps are indicated by regions of overliap. 
Figures 1, 2 show that a triangular lattice of air holes etched in silicon does in fact 
possess an absohite band gfq). Again, this is larger for the r-AT. direction lhan the VrJ 
5 direction. 

Superimposing Figures 1 and 2 upon one another (not showi), regions of 
overlsp mdicate the j&equency positions of non-directional, non-polarisation 
dependent photonic band g^. For this structure a fiill band gap occurs for a.f f. 
above 55%. 

10 Simulation results for a square lattice arrang^ent have been detemiined. fix this 

case the primary band gaps for both polarisation states extend over most of the a.f f 
range. Again the partial band gaps for both polarisation states are largest for the F-X 
direction as summarised below: 



Partial band 
gap 


T£ polarisation: 


TM polarisation: 




% mid-gap freq. 


Air fraction 


% mid-gap fireq. 


Airfiaction 


r-x 

direction: 


45% 


55% 


53% 


88% 


rv 

direction: 


15% 


60% 


12% 


70% 



Two-dimensional arrays of fiee standing silicon pillars in air arranged on a 
square and triangular lattice wore also analysed as a function of air-filling firaction, 
and polarisation state. Calculations were perfbraied using a grid of 15^ lattice points 
and 61 /t-vector samples for each band diagram. 
20 For a structure of silicon rods in air, tiie band gaps were found to be largest for 

small air-filling fractions, decreasing in widtfi as the air-lBlling fraction increases. 
Simulation results for the triangular lattice arrangement are shown in Figures 5 and 6. 
Two partial band gaps open for the TE polarisation state, extending over most of the 
air-fillmg fraction range. There is a small region of overlap in the primary band g^ 

10 
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for both directions of propagation indicating a non-directional band gap for a.fJf in the 
range 22% to 80%. However, this is relatively small (10% at optimal a.f,£ of 45%). 

Hiere axe three large non-directional band gap regions for the TM polarisation 
state. These occur for air-filling firactions in the range 2%-82%, 15%-82%, 25%-70% 

5 respectively. The largest (primary) band gap opens between bands 1-2 reaching a 
width of 48% at an optimal aff. of 12.5%, 

niere are virtually no regions of oveilap between the two polarisation states for 
dth^ direction of propagation, and so the structure does not possess a non- 
polarisation dependent band gap. 

10 Simulation results for a square lattice of Silicon rods in air have been 

determined. For the TE polarisation state, small partial band gsps open betweoi 
bands 4-5 and 6-7 for both directions. This time the partial band gaps are widest for 
the r-7 direction, extending over most of the a.f f range. The primary partial band 
gap for the T-J direction reaches a maximum width of 15% m.g.f. at an optimal a.£f. 

15 of 33%, whereas the partial band gaps for the F-AT direction are comparatively small 
(<8%). 

For the TM polarisation state^ three large partial band gaps apca \sp between 
bands 1-2, 3-4, 6-7 for much of the a.f £ range. This reaches a maximum width of 
51% m.g.f. and 53% m.g.f. for the T--^ and T-/ directions respectively at an optimal 

20 a.f f. of 16% for both. There are large areas of overlap between the band gacp islands 
for the two directions in each case, indicating non-directional band gaps for a.f.f. in 
the ranges 3%-62%, 19%-63%, 25%-65% respectively. This structure does not 
support a full non-directional non-polarisation dq>endmt band gap. 

The photonic properties of square and triangular arrays of air holes etched into 

25 germanium were also analysed. Germanium has a significantly larger rej&active index 
than silicon {n^4) and so was expected to yield significantly larg^ photonic band 
gaps, but in fact had g^^s similar to those for silicon. 

A comparison was also made between the properties of identical silicon and 
germanium photonic crystals. This was implem^ted by analysing the properties of 

30 the non-directional band gaps for the triangular lattice arrangement of air holes. The 
most striking aspect of the band stmctures (Figures 7 and 8) is that there is really very 
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little change in the size and position of tte lower band gap for either polarisation state 
and for any volume air-filling fiaction, despite the large increase in dielectric contrast 
for germanium. 

For small air-fiUing fractions, there is a small displacement between the band 
5 gap f^ons for the two matoials, (the general energy level of the band gap being 
slightly lower for gennanium). As the air-filling fraction increases towards the close 
packed condition, the two areas converge. 

The displac^ent between band gap regions is more pronounced for the higher 
order band g£^ regions for both polarisation states. Although these areas do not 
10 converge as the gap closes up, it would appear that the main efiBsct of the variation in 
dielectric contrast is to change the size and sh£q;>e of the higher band gap region for the 
TM polarisation state. 

In practical terms, the frequency displacement means that the dimensions of a 
germanium structure would be marginally smaller than that required for silicon to 
15 produce a band gap at a given centre wavelength. 

An optimum filling fraction (at which the band gap is at its maximum width) 
occurs at an air-fiUing fraction of 65% for the TE-polarisation state and 84% for the 
TM polarisation state. At these points, the band gap for germanium is only 6.5% and 
8.4% larger than that for silicon. At all other air-filling fractions^ the gain in band gap 
20 width is considCTably smaller. 

Although the dielectric constant for germanium is significantly greater than that 
for silicon, the consequent gain m band gap width is surprisingly small. Silicon has a 
major advantage over germanium in that it is well suited to the optical 
communications window at l.S^m. Pure gmnanium is only suitable for PBG devices 
25 operating above 2pm. 

A square lattice of silicon rods {n-3.46) embedded in silicon dioxide 
was evaluated. The small reduction in dielectric contrast was found to cause the TE 
polarised band gzp to vanish altogether. Partial band gap maps for the TM 
polarisation state were exhibited. Investigation was made into the behaviour of the 
30 primary band gap for large variations in dielectric contrast Filling fi:action maps 
ware calculated for a triangular lattice of air holes embedded in a dielectric block, 
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using a range of values for the dielectric constant (2-16, mcremented in steps of 1). 
To speed the calculatioiis (running on a P90) up to a reasonable level, calculations 
were performed at using a grid of 13^ reciprocal lattice points. This is sufficioit to 
give accurate position of the lower bands (<S%) and reveal genetal tcmis and 
5 relationships. 

Referring to Kgores 9 t14, for a triangular lattice of air lK>les, the width of the 
primary band gjap is presented as a three-dim^osional surface graph, allowing the 
width of tiie prunary band gjap to be related to both air-fiUing fraction and % (equal to 
square of refiactive index n.).. To clarify the behaviour of the band g^, line graphs 
10 are also presented. These show the behaviour: of die band gap for just one variable at 
a tune. 

Figures 9-1 1 show the size of the primary TE polarised photonic band gap as a 
function of air-filling fraction and dielectric constant (8b)- At an optimal a.£f. of 55%, 
the primary band gap is found to open up almost unme^ately as 8b increases above 
15 2.25, This is a surprisingly low value indicating that a non-directional (complete) TE 
polarised photonic band gaps may be created using mat^als with refiactive indexes 
as low as 1.5. 

From Figure 10 the size of the band g^ is seen to take the same asynmietric 
parabolic shape with respect to the air-filling fraction, for aU values of Eb. The size of 

20 the band gap increases most rapidly for small values of 8b where the band gap starts to 
open up, reducing slowly as Eb increases. The optimal filling firaction shifts linearly by 
proximately 10% as 8b increases from 2-16. 

Figure 11 indicates that the band gap grows extremely slowly, but nearly 
linearly with 8b for small air-filling fractions and large values of 8b. 

25 Figures 12-14 show the behaviour of the TM polarised primary band gap as a 

function of 8b and air-filling fraction. The primary band gap for the TM polarisation 
state first starts to open for a minimum value of eb of approximately 6 {n-2,45) at an 
optimal air-filling fi^ction of 75%. In contrast to the behaviom* of the TE polarised 
band gap, the band gap quickly broadens in air-filling fraction range as 8b increases. 

30 From Figure 13 the size of the band gap is seen to take the same asymmetric 

paraboUc shape with respect to air-filling fraction, for all values of 8b. As was the case 
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for the TB band gap, flie TM polarised band gap increases in size most r^idly for 
small values of Cb and flie optimal a.f.fl increases lineaily by 8% over the test range 
forcb. 

Figure 14 indicates liiat flie primary band g^ grows nearly lineariy w 
5 small air-filling fiactions and laige values of 8b. 

Another important property of the photonic band g^ is the variation in centre 
frequency as a function of €b- For the TE-pokrisation state, the centre frequency 
shifts with Sb, but only very slightly for a givm air-filling firaction. The shift is vcary 
linear up to the optimal air-filling fraction, especially for larger values of Cb- For the 
1 0 TM-polarisation state the shift in mid-gap frequency is near linear over the largo* air- 
filling fraction range for the TM polarisation state. The shift in centre frequency is 
near linear with Cb as was the case for the TE polarisation state. 

As a set. Figs. 9-14 can be used to predict the properties of the photonic crystal 
based on a triangular lattice fabricated from any common semiconductor or optical 
15 material . 

Simulations and experiment show that a nominally two-dimensional periodic 
structure with finite thickness, can posses a band gap extending to three-dimensions. 
This band gap can remain open for a large range of angles, and for high dielectric 
materials may open for both polarisation states simultaneously. It is therefore 
20 unnecessary in many cases to fabricate a truly three-dimensional structure to exploit 
the three-dimensional properties of the band gap. 

First Embodiment of the Invention 

For many applications involving the use of photonic crystals it is desirable to 
acquire complete and absolute photonic bandgaps. In the case of such photonic band 

25 gap structures, the wave propagation is forbidden for any direction of propagation, 
and independent of the polarisation state. This provides a preferred photonic band 
gap stmcture for the use in applications such as the inhibition of spontaneous 
emission and polarisation independent devices. Periodic triangular and hexagonal 
lattice structures can support complete photonic bandgaps in two and three 

30 dimensions. However, as shown in figures 9-14, complete and absolute photonic 
band gaps (CAPBGs) have only been achieved in very high dielectric constant 
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materials like GaAs (f=13.6) using hexagonal or triangular lattice structures. The 
firequency range of the bandgaps fonned by sudi a structure is also highly dependent 
upon die direction of wave propagation, hence the structure is not suitable for all 
applications. RoihCTnore, large air pore diamet^ (large air filling fiactions) are 
5 required to create even small conq>lete and absolute photonic band gaps. We have 
found that increasing the air filling fraction can increase the losses of photonic 
crystals due to the escape of fight fi:om the top of the surface. 

To alleviate such problmis, the search fixr isotropic bandgaps (that is direction 
indep^dmt) in materials wifli low dielectric constants and small air filling fractions 
10 was undertaken. The use of low index matmals facilitates the creation of novel 
optical devices whidi are highly compatible with optical fibre network systems. Such 
devices could include polarisation insensitive^ direction indq>end«it wavelength 
division multiple filters and multiplex^. We have devised a new class of structure 
which is shown to possess a non-directional polarisation insaisitive complete and 
15 absolute photonic band gap for a relatively low index mat^al (silicon nitride e=4.08) 
and a relatively low air filling fi:Bction (P=0^8). 

The anisotropy of the photonic band gap may be shown to be dependent on the 
symmetry of the photonic crystal lattice. This can be readily verified when band 
diagrams for photonic crystals possessing a square lattice (four-fold symmetry) and a 
20 triangular lattice (six-fold symmetry) are compared. It is noticed , that the higher 
symmetry triangular lattice photonic crystal has a more isotropic photonic band gap as 
opposed to the square lattice structure. 

As the order of symmetry in the photonic crystal increases, the BriUouin zone 
(BZ) becomes more circular. The highest level of symmetry found in natural crystals 
25 is six, however much higher orders of symmetry may be achieved in quasicrystals. 
Quasicrystals may be fabricated artificially. High orders of symmetry have a 
tendency to increase the likelihood of the formation of degenerate states. TUs, in 
turn, may reduce the overall photonic band gap widtii due to available energy states 
comciding within the photonic band gap. However, we have found that due to the 
30 highly isotropic stmcture of the photonic band gap, larger complete and absolute 
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photonic band g^s can be achieved even fhoi^ the ovoall photonic band gap width 
for specific wave propagation directions maybe reduced by the degenerate states. 

hi real space a quasicrystal does not possess the same p^odic nature as a 
crystal and exhibits shoit-range disorder. It is surprising to discover that a disordered 

5 arrangemCTt of atoms gives rise to Bragg peaks in Fourier space. However^ the real 
space approximant of any quasicrystal will always possess some &rm of long range 
periodicity. This combination of properties provides the quasicrystalline structure 
with some charactmstics derived from ttie regular crystal behaviour (seen in 
reciprocal space) and some other features from the disorder properties (as seesi in real 

10 space). Hence the combination of partial randomness and long range periodicity 
gives rise to unusual optical characteristics. 

Because of the simple short-range disorder differences betwem quasicrystals 
and crystals, the Brilloum zone (BZ) can no longer be defined. However, a region 
ternied a (pseudo)-Jones zone (pseudo-JZ) can be defined for a quasicrystaL The 

1 5 pseudo-JZ is the region in reciprocal ^ace bounded by the perpendicular bisectors of 
the vectors joining the origin to the domi;aant scatt^ing vectors. The JZ and the BZ 
possess many similar features and gives some form of corr^arison between regular 
periodic aystals and their quasicrystalline counterparts. The most important analogy 
being that a Bragg wave vector lying along a pseudo-JZ will experience Bragg 

20 reflections similar to those along the BZ boundary in a regular PC. Even finer details 
such as the fiilfihnent of the translational symmetry in tiie BZ are also compatible 
with that of the pseudo-JZ. In tfie case of the pseudo-JZ* however, ttie absolute 
magnitude of the Bragg peaks during translational symmetry is not satisfied. 

A quasicrystal is a maximally random ensemble that comprises random tilings. 

25 Under a suitable formulated decoration scheme, every such tiling corresponds to an 
atomic stmcture, A random-tiling model phis, a decoration scheme constitutes a . 
physical model that specifies the atomic structure of a random quasicrystal. 

Quasicrystals possess striking similarities to regular lattice structures in which 
they maintain long-range periodic scattering of light even tiiough the short-range 

30 orientational order of the structure is not periodic. This is necessary for the formation 
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of photonic bandgaps. This provides a means of altering the symmetry of the 
photonic crystal in order to gen^ate more isotropic BiQlouin zones. 

Quasicrystals have been determined for a 10-foId symmetry based on Penrose 
Tiling. P^uose Tiling is a well Icnown form of quasicrystal formed by adjacexTt 

5 Rhomboids having difforat angles. Whilst such an airang^ent will provide in 
accordance with the invention a more favoiir2d>le photonic band gap structure^ 
nevertheless there is a problem in that ib& tOing cannot easily be rq>roduced in a 
crystal, because there is not a unit cell, or something ^roxunating to a unit cell, 
which can easily be replicated by lithographic techniques over die surface of the 

10 crystal. It is therefore difficult to &bricate a crystal based on Penrose Tiling. 

A photonic quasicrystal based on the random square-triangle tiling system 
possessing twelve-fold symmetry is proposed. This stmcture is compatible with 
integration in a silicon nitride wave guide and is intended for optical diaiacterisation 
in the visible/near infrared region of the electromagnetic spectrum, where a range of 

15 laser sources was available. 

The photonic quasicrystal stmcture is generated by using a random ensemble of 
squares and equilateral triangles. The random-Stampfli inflation rule is applied to die 
ensCToble of squares and triangles to generate the highly symmetric nature of the 
quasicrystal- la order for (he structure to exhibit long-range twelve-fold symmetry, 

20 several recursions of the random-Stampfli inflation rule are required. A complete 
reference to the Random-Stampfli inflation method for the generation of a maximally 
random square-triangle tiling is presented in M. Qxborrow et al. [Phys Rev B48 
(No. 10) 6966 (1993)]. The dashed lines in Fig. 15(a) demonstrate ttie parent 
dodecagon unit cell used for the inflation scheme. The solid lines show the tiling of 

25 the offspring dodecagons in the dilated parent cell. The ensemble of squares and 
triangles residing in any parent dodecagon can take up two unique orientations. This 
can be achieved by the application of a 30 degree rotation on the parent dodecagon. 
Hence, a degree of randomness is incurred on flie structure by the selection between 
normal and rotated parent dodecagon unit cells before the apptication of die inflation 

30 rule. During die inflation scheme, the parent dodecagon is reduced in size by a ratio 

of (V3) + 2 to give rise to the offspring dodecagons. The centres of the offspring 
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dodecagons are superiinposed onto flie vertices of every square or triangle in the 
parent unit cell. The air pores of the photonic quasicrystal are located at ttie vertices 
of every square and triangle. The distance betwe» neighbouring air pores is defined 
by the pitch aJPig. 15(b) shows the resulting airangCTient of the air- rods in the 

5 dielectric material to be investigated, alongside Fig. lS(c) which shows the ctoss 
section of the waveguiding structure. The structure comprises a substrate of silicon 
having a buffer layer of silicon dioxide, and an qpitaxial Uyct of silicon nitride 
thereon. A furdier cladding layer of silicon dioxide is disposed on the siUcon nitride. 
Both the cladding layer and the silicon nitride lay^ are etched to provide air pores. 

10 The process of formation is as foQows; 

a standard silicon substrate is thermally oxidised to create a l.S^m thick silicon 
dioxide buffer layer of reduced refractive index (nr=1.46), a 2SQnm thick silicon 
nitride layer with a higher refractive index (if=2.Q2) was dq)Osited by Low Pressure 
Chemical Vapour Dq)Osition (LPCVD) to form the waveguide core, and a thin (75- 

15 ISQnm) silicon dioxide cladding layer, also deposited by LPCVD finally provides a 
degree of mechanical protection from scratches and dirt 

The photonic crystal was introduced mto the waveguide structure as follows; 
The wafers were patterned by direct write electron beam lithography and plasma 
etched to create (in this case) cylindrical holes extending down to the core/buflFer 

20 interfece. The wafiars were finally cleaved up into individual devices for optical 
testing. 

As an alternative, a method of etching is described in our q>plication 
W098/53351. Another viable method for the fibrication of photonic crystals is 
anodic etching which may be used for the fibrication of silicon-based photonic 
25 crystals with an optical band gap in ttie iiear infraried region of the spectrum (1.2- 
lJ\my Porous silicon is formed by etching crystalline silicon under anodic biasing 
conditions in a weak solution of hydrofluoric acid (HF). 

Thus it may be seen that because the structure shown in Figure 15 has a unit 
cell, it lends itself to replication in a crystal by forming for example air holes at the 
30 apices of the unit cell structure. In a lithographic procedure, a basic unit cell is 
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generated by an e-beam, and an adjoining unit cell is defined by lotating coodinates 
through 30 degrees. 

The photonic quasic^ystals exanuned aie composed of ISOnm diameter air rods 
arranged on a pitch a of 30Qnm, surrounded by a 260nm sandwich of silicon nitride in 

5 silicon dioxide to confine the light in tiie two-dimmsional plane. 

Transmission plots fisr all wave propagation directions were calculated using the 
two-dimensional FDTD method. The FDTD method was based on a centred 
differmce spadal stq> scheme and an egqponenlially decaying absorbing boundary 
condition was applied. A diso^tised form of !Nfexwell's equations was used to 

10 describe the electromagnetic field inside the dielectric medium. A centred difierence 
spatial step was implemented to minimise transport errors of scattered waves inside 
&e structure. The photonic band gap structure was discretised using a grid of 
1000x1000 nodes across 30 rows of the stracture. The spatial increment (Ah) was set 
to XysO with respect to the minimum wavelength considered Ar=350nm. The time 

15 mcrement (At) was fixed at Ah/50c with respect to Ah, where c is the speed of light in 
a vacuum. 

The initial input fields were composed of Gaussian wavepackets in the spatial 
domain. Sampling points at the output of the photonic quasicrystal collect the field 
profile of the required electric or magnetic field component as a function of the 

20 sampled time. A Fast Fourier Transform (FFT) algorithm is apphed to the collected 
data to provide the transmission characteristics for the photonic quasicrystal. The 
transmission plots are normalised to a control simulation for propagating Gaussian 
wavepackets in the dielectric medium. 14000 data points are collected at each 
sampling node to provide enough resolution for the FFT. 

25 For the calculation of the transmission at angles not normal to the plane of 

incidence, the photonic quasicrystal is rotated about its centre to the desired angle and 
subsequently the finite differencing mesh is applied to the structure. 

Fig. 16 shows the theoretically predicted bandgap size as a function of the air- 
filling fraction (P) for normal incidence (TJ) to the photonic quasicrystal. The 

30 photonic quasicrystals modelled had a constant pitch a=300nm. The dielectric 
constant for silicon nitride core medium was 8^=^.08. It is noticed that even for very 
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small P values a bandgap opens \sp in the photonic quasicrystal. At p=10% a gap- 
midg^ ratio of 12.9% is calculated for the TJ propagation direction, while for a 
simple triangular lattice with the same filling fraction and the same dielectric material, 
a g^midgap ratio of 2.5% is calculated for the FJ propagation dkection. Even 

5 though the simulations are only for FJ directions, due to the high isotropy of ttie 
photonic band gap the bandgap remains open for all wave propagation directions, 
contrary to the triangular photonic crystal structures. 

Further simulations were undertake to highlight the degree of isotropy of flie 
photonic band gap. A photonic quasiorystal having a pitch spacing of a=30Qmn and 

10 an air filling fraction of P=^8% was uivestigated. Transmission spectra wctc 
calculated for several difGarent directions of propagation between FJ and FX. using 
the FDTD method. Fig. 4 shows the transmission for both TE and TM polarised 
modes along the FJ direction. Maximum variations of 4% were observed between 
dijfferent wave propagation directions. For clarity only the direction with the most 

15 extreme photonic band gap variation is shown. The overall width of flie coxiq>lete 
photonic band gap is in-between 0.247a/X and 0.302a/X. The gap-midgsp ratio 
(Acd/®o) for the TE mode propagation is 27%, while that of the TM modes is 20%. 
However, it is evident that the TM bandgap lies in the middle of the TE bandgap 
domain. This gives rise to a 74.1% overlap in the complete photonic band gap for the 

20 two different polarisation states as opposed to no complete and absolute photonic 
band g^s for triangular and hexagonal lattice structures for the same air filling 
fi-action. In the long wavelength limit (normalised frequencies, (Da/27cc, less than 
0.15) the transmission extends out to unity. At these wavelengths the fine structure of 
the square-triangle tiliiig is not resolved by the propagating waves, and the 

25 quasicrystal is seen as a homogoieous material of reduced refractive index. 

Figures 18 and 19 compare a 12-foId symmetric crystal with a triangular lattice 
with 32% air filling finctioa As can be seen, a PBG also exists for a PQC (Photonic 
Quasi Crystal). Additionally the PBG of the TE and TM mode are observed to 
completely overlap in frequency. The PBG persists from 0.316 to 0.380 along the 

30 n direction. The normalised width of the primary PBG is A©/co(pl8.4% for TE 

modes and AG)/a)o-14.3% for TM modes. The overlap for both the TE and TM modes 
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is calculated at 78.1%. Thus PBG is maintained for all wave vector propagation 
directions and is in contrast to conventional triangular lattice periodic PCs of the 
same air^filling fraction and dielectric contrast, ^ere no overleqp in the complete 
PBG is observed. 

5 The bandg^s are also noted to occur at lower frequencies compared to 

triangular and hexagonal photonic oystals. In Figure 14, the normalised frequencies 
at the cmtcG of the bandgsp (fi>o) for IB and IM polarised light are 0273 md 0275 
respectively. In contrast to r^;ular lattice structures, nearest neighbour lattice vectors 
no long^ define the Brillouin zone. The Brillouin zone in recqnrocal space is defined 

10 by the dashed parent dodecagon in Fig. 15(a) which joins lattice vectors several 
periods away. 

Figure 20 to Figure 25 all demonstrate the change in near-field transmission 
characteristics for dififerrat angles of propagation of TE modes. The shaded region 
hi^bU^ts ibe persistence of the PBG for all angles. Tbe ineducible pseudo-JZ 

15 indicates that due to the symmetry of die quasiorystal, characteristics centred about 15 
degrees should be identical, for exanQ>le, the transmission prop^es of 12 and 18 
degrees relate very closely. Thus the properties of the quasicrystal are ess^tially 
isotropic, being the same to within 1% £xr any direction. 

Figures 26 and 27 are reflection field plots. Small resonances in the bandgap 

20 region are visible due to the coupling of evanescent fields localised at the sm&ce of 
the PQC and the FDTD output ports, this problem was alleviated by the examination 
of the far-field transmission and clearly demonstrated the lack of any r^onant 
features in the fori>idden region, as shown in Figure 26. It is also noted that the PBG 
is always centred at identical midg^ frequencies (0.35 la/X), confirming the isotropy 

25 of the PBG band edg^, and tlie gap-midgap normalised frequracy is reduced slightly 
to Ao/(Dowl4.0%. During the analysis of angular dq)endence of th.e stmcture, the PQC 
only needs to be rotated a maximum of 30 degrees for complete characterisation. This 
is due to the high syounetiy nature of the quasicrystal and heuce the repetitive nature 
of the structure and its pseudo-JZ every 30 degre^ (rqpresentmg 12-fold symmetry). 

30 However, it is also adequate to e^cploit the mirror symmetry properties of the 
quasicrystal along the high-synamctry planes of the irreducible pseudo-JZ where 
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maximum Bragg reflections are achieved, translating into investigations along the TJ 
and FX (IS degrees fiom nomial inddence) di^iections only, as shown in Figure 27. 
Additionally it is noted flat the absolute transmitted power along the FX direction 
does not amount to unity, this is not surprising when considering fiiat along this 

5 propagation direction, absorbing boundary conditions were applied contrary to the 
periodic boundary conditions qiplied along the FJ direction. The implementation of 
the PML affects the abHity of the output-sanq)ling plane in flie FDTD formulation to 
collect all the incidmt power contained in the initial Gaussian wavepacket due to 
scattered light being absorbed by tiie boundaries before being collected efficiently at 

10 the output port Increasing tiie absolute width of the PQC structure in the FD space 
would minimise such probl^ns. 

Figure 27 compares the TM reflectance prop^es for TE and TM polarisation 
states along the FX directioiL The overlap in the TE and TM polarisation reflectivity 
mdicate the overlap of the complete PEG region. In this case flie high reflectivity was 

15 selected to highlight the bandgap region in the aim of minimising any confusion 
surrounding the absolute width of tiie PEG. 

Figure 28 to Figure 30 (transmission plots) show the TM polarisation 
simulations of identical rotations of the quasicrystal approxijnant, showing primary 
and secondary complete and absolute PEG for botii polarisations and for all 

20 directions of light propagation (CAPEG). 

Transmission measurements were carried out by spectrally resolving the ligjit 
propagating through the lattice in different directions. The spectra shown in Fig.31 
show experimmtal evidence for a complete photonic band gap in a quasicrystal for 
both TE aiKi TM polarisations. The experiments used a white light contuiuum 

25 product by focussing lnJ lOOfe pulses from a regenerative amplifi^ tuned to 
SSOnm in Inun of s^phire. The availability of such high-brightness ultra-broadband 
laser sources facihtates higji-accuracy transmittance measur^ents from 450rrai to 
llOQmn through the waveguide. The use of achromatic optics and a carefully 
designed optical fiber spatial filter provided excell^t collimation and pointing 

30 properties for coupling into the planar waveguide. Due to the scattering losses caused 
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by the adr holes, the spectra in Fig31 have been noimalised to approximately account 
for tiie decreased thiou^ut at shorter wavelengths. 

Fig.31(a) and (b) denu>nstrates the highly isotropic first photonic band g^ for 
different angles of incident TE and TM modes respectively. Three diffiarent incidmt 

5 ligjit angles are considered for each polarisation 0^ 6** and 12° degrees. The angje of 
lig^t coiq^led into flie photonic qoasicrystal structure is measured with respect to the 
normal along fhc quadctystal sur&ce. Fig. 31(c) shows the expmmental 
transmission plot for the same photonic quasicrystal with incident hgbt along the FJ 
direction. Three sharp bandgaps are clearly visible similar to predicted simulations. 

jiO Additionally, it is noted that the transmission plots have a strongly modulated 
structure, these are dramatically different to those assodated with periodic photonic 
crystals. Iliis comes about due to the short-range disorder creating irregularities in 
the fine structure of the transEnission plots. Furthermore, both TE and TM 
polarisations have gaps residing at the same central points, 0.39^z/X, OASatK and 

15 0.52a/X giving rise to larger complete and absolute photordc band gaps. The 
extinction ratio is greater than 95% for all the jBrequracies in the bandg^qps, with a 
normalised width Ao/cdq ranging from 10%-1S%. 

The spectra show ttie same fine structure as that shown in Fig. 29 and in 
particular the predicted angular and polarisation dependence. However, there are 

20 some discrepancies in the absolute position of the g^s. The photonic band gap 
positions have been shifted by a factor of 1 .45 and their widths reduced by a factor of 
2 compared to theory. The FDTD calculations were performed using a two- 
dimensional (2D) model that neglects the real tiuee-dimensional (3D) character of 
waveguiding in a planar structure. The in-plane 2D component of the wave vector k// 

25 is related to the three-dun^ional propagation wavevector * in the waveguide by a 
nonlinear relation, which results in a frequ^cy shift of all the gjaps. This is in 
agreonent witii three-dimensional modelling using the plane wave method for regular 
periodic photonic crystals which shows similar behaviour. 

Regarding the behaviour of the PEG with respect to the dielectric constant of the 

30 backgroimd medium, it was realised that die photonic bandg^ remains open even for 
very low rej&active indexes such as glass (n=1.45) with an air filling fraction of 
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^=30.0%. Figure 32 (a), (b) and (c) demonstrates the existmce of a conoplete PBG for 
TB modes with the PBG ranging fiom 0.4Q9a/X to 0.443a/X giving rise to a gap- 
nudgap ratio of A(i%/a)o=7.9%. Regions of higih reflectance indicate the existence of 
bandg£qp behaviour v/bUe power that is unaccounted for by pure transmittance and 

5 reflectance can be accounted for by dlEBraction effects. For TM polarisation in glass> 
m this case the reflectivity for botti directions FJ and FX is analysed as shown in 
Figure 32. The reflectivity is selectied once again to facilitate the identification of the 
location of the bandgap region. The complete PBG for the TM mode extends from 
0.416a/X to .0.43 la/X giving rise to a minimal but complete gap-midg^p ratio of 

10 Ag)/g>o'==3.1%. Even though the complete TM bandgap extends over a small region it 
is situated in the middle of the TE bandgap providing a very valuable C APBG. 

Figure 32 (d) shows the complete band gap in glass material (if=1.45) for a 12 
fold symmetric quasicrystal, as a fimction of filling fi^ctions. 

The transmission confirms that it should be possible in practice to integrate 

15 photonic quasicrystal devices with optical fibre systems with greatly improved 
coupling. This is the foundation stone for a range of novel active and passive optical 
devices. Due to the existence of the CAPBG in sudi a low refiractive index, sharp 
waveguide bends and flitters can be designed with maximum coupling efficiency 
and insensitivity to polarisation. This provides the solution to truly large-scale 

20 integrated optical devices, where the core layer could be composed of Silicon Dioxide 
or<^artz. 

Out-of-plane diffraction losses are currently one of the major hindering elemmts 
in the advancCTient PC devices. In the design of waveguiding PCs, the incorporation 
of a low refi:active index core layer allows the PQC to behave much like an in-plane 

25 stmcture where small mode angles are involved. The minimisation of the out-of-plane 
wave vector component would be braeficial in the elimination of radiation losses. 
However, the effects of weaker confinement in the core layer provide mode profiles 
. that extend farther into fiie buffer and capping layer. Such a weak core confinement 
may have an adverse effect on the PBG behaviour and may lead to more lossy 

30 devices. To successfully analyse such effects true 3D simulations of the PQC 
embedded in the glass waveguide are required. 
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Iji many transmission spectra (sudi as Fig 20), strongly modulated spectral 
features are preset at wavelengdis far fiom the photonic band gaps, this is in great 
contrast to regular PCs which exhibit smooth spectral stmcture in these waveloigfh 
regions, this spectral detail is associated with short-range disorder which causes 
5 strong localisation of photons in particular regions of the quasicrystal. 

Time averaged FDTD methods were used to investigate the localisation of TE 
and TM polarised modes inside the photonic quasicrystal Fig- 33 illustrates the 
confinement of a TE mode in the photonic quasicrystal. The TE mode is incidmt 
irom the right-hand side of the structure at a wavelength of A.=l lOOnm. This X resides 
10 in the bandgap of ftie structure. Jn fbis case localisation of light is seen to be 
predominantly in the high dielectric regions. 

This shows that a bulk PQC can provide a good mvironment for the provision 
of liigh-Q micro-cavity modes or photon localisatioiL Such localised states play an 
iroportant role in the design of ef&cirat low-threshold active devices. 
15 The currently accepted method of causing photon localisation in photonic 

crystals involves the introduction of defects in regular PC structures. Properties of the 
associated defect states are very srasitive to &brication tolerances and hence are very 
difScult to fabricate reliably and wifii a high yield. 

PQCs (photonic quasicrystals) provide a bulk structure, which naturally exhibits 
20 such states, and which has the advantage of being easily fabricateD with very good 
reproducibility. 

In addition, higji coupling eflSdency to defect states in PQC, is clearly observed 
even for relatively long structures with 30 rows or more. This can be directly 
compared to single defects in periodic PCs which suffer from weak couphng 
25 efficiencies. 

The number of rows of holes plays an important role in the design of PQCs 
since fbis directly affects the extinciont ratio at wavelengths mside the band gap. 
Influence of diis design fector is shown in Figure 34., Strong PBG action is apparent 
for a PQC thicknesses of 17 rows or more. Structures possessmg less than 17 rows of 
30 holes show weaker band gaps, but still provide an environment for weak photon 
localisation 



25 



t 



wo 01/77726 PCT/GB0iy01S88 



The diffiractive properties of the quasicrystal were examined by flie investigation 
of the quasicrystal in reciprocal lattice ^ace (Fig. 35). The large parent cell g^erates 
the dodecahedral Brillotiin zone, acconcqpanied by the irreducible triangular Brillouin 

5 zone indicated by the solid white lines. The real lattice vector a extends out to flie 
edges of Fig. 35 (a), defiling the basic reciprocal lattice vector 2n/sL The twelve 
central bright Bragg spots in Fig. 35 (b) conjBnn the twelve-fold symmetry of the 
photonic quasicrystal. Fig. 35. Qi) illustrates the Ewald sph^ constructioiL The 
central Bragg peak is selected as the reference point for the construction scheme. The 

10 dashed-dotted circles are construction Unes. These indicate the equi-distant paths 
joining any bright Bragg peak and the central reference point Construction lines for 
the weaker Bragg peaks are not shown for inq>roved clarity. The lines r^esent the 
reciprocal lattice vector kc. The solid grey arc 'represOTts the Ewald spha:e segment 
for the wavelength A.=633nm, with the reciprocal vector kte^^'ZTmefA. B is noted that 

15 an effective refractive index neff=1.98 is used ra&er than flie absolute refractive mdex 
n of the silicon nitride material for better matching with expmmental results. 
Identical Utn are assumed for all k vectors. This approximation can be justified due to 
the hi^y isotropic Brillouin zone. The intersection of the grey circle with the 
construction lines detennines tiie projection angle of the fir-field difiGraction pattern at 

20 633nm, kain=ksn+kG. These are indicated by the solid ^te lines. In theory, this 
quasicrystal would be expected to diffiract incident Ug}it into twelve beams. However, 
in practice, di£Gracted light firom weak intensity Bragg peaks are not viable. 

The photonic quasicrystal waveguides wore fiibricated for a range of parameters, 
and demonstrated good reproducibility and stability. Fig. 36(a) shows a scanning 

25 electron microscope photogrs^h of a typical device from which the pitch of 300nm 
and fill fiiaction of 28% are measured. Fig. 36 (b) ^ows a photograph of the small 
photonic quasicrystal in operation. The photonic band g^ resides horizontally along 
the top of the photograph. The lower horizontal edge corresponds to a cleaved 
waveguide face. TE polarised light at 633nm is focused onto tiie cleaved waveguide 

30 fiom the bottom of the photograph and is then iacident perpendicular to the photonic 
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band gap structure. This demonstrates the experimmtal far field diffiactiou of the 
quasiczystaL 

The angles of the diffiacted beams have heea conqiared directly with flie ones 
predicted by the Ewald sphere construction shown in Fig. 36 (b). 
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Table 1 lists experimoital and tiieoretical angles of dif&action by photonic 
quasicrystal for 633nm radiation. 

Table 1 shows good agre^ent betweoi theoretical and experimental angles of 
10 diffraction. This agreement demoiistrates the twelve-fold symmetry of the photonic 
quasicrystal and confirms its successfiil fabrication and dif&active properties. 

Second Embodiments of the Invention 

Referring to Figure 37, this shows in diagraimnatic form a device having a . 
regular, triangular, photonic crystal lattice which exhibits a photonic band gap over a 
IS predetermined wavelmgOi range. 

Tbds lattice is subdivided into two regions, 1 and 2. These two r^ons each have 
a sub-lattice comprising a set of defect sites, which consist of a set of pores (12,22) at 
every fourth site wifli a sfightly smaller diameto: than in the bulk of the lattice (as an 
alternative pores could be larger). They have tibe effect of introducing a narrow ddfect 
20 mode within the wavelength range of the photonic band gap. The wavelragth of this 
defect mode is strongly dependent upon defect size. 

Defects 12 in the first region are of different size (larger) from those 22 of the 
second region, although, within each region, the defects are of uniform size. Each 
defect creates a micro-cavity which may support a localised mode at a wavelength 
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lying within the photonic band-gap. Although the defect mode is localised to the 
position of the defect, it has an evanescent field function (Fig. 38) associated with it 
which may penetrate a number of rows into the surrounding lattice (analogous to 
quantum tunnelling). If a number of identical defect sites are introduced into an 
5 otherwise regular lattice so that the evanescent fields associated with the confined 
modes ovedzp^ Hhca flie micro-cavities become optically coupled, and it becomes 
possible for photons to be transferred from one defect site to the next across the bulk 
of the lattice. Transmission then becomes possible across the photonic crystal at a 
wavelength lying within the photonic band gjsp. The wavelmgth of ttiis defect mode 
10 is very strongly related to the size of the defects. On the other hand, if there is no 
overly between the evanescent fields associated with neighbouring defect sites, there 
will be no transmissive defect mode within the photonic band gap wavelength range. 

Defects may be arranged on a regular pattern within the photonic band gap 
lattice or on a random or pseudo-random sdione. The efBciency (and speed) of 
^ 15 transmission will be depmicat upon the efficiency of coupling between micro- 
cavities. 

The two sets of defects effectively introduce a transntussive defect mode within 
the energy range of the photonic band gap. However, since (be defect wavelength is 
different on the two sides of the junction, the en^gy level of the defect mode is lower 

20 on fee right-hand side 2, for example. (Fig. 39) 

In order that photons may propagate through the structure fix>m left to right, they 
must lose a small amount of energy (Fig. 39). This translates to a change in 
wavelength or colour. Similarly, photons cannot propagate in the opposite direction 
since this would involve a small increase in energy (Fig. 39). 

25 Hifeerto it had bem feought has been feat photons do not spontaneously change 

feeir wavelengfe in passive materials and hence fee loss mechanism was missing. We 
have found, however, feat materials wife fee lattice structure of fee present invention, 
such as fee silicon nitride structure described above (or a silicon oxynitride structure), 
exhibit non-linear (poww dependent) wavelengfe shifting effects. This power 

30 dependent wavelengfe shifting effect facilitates fee operation of a diode-junction 
device described above. Thus, by sending in a high power signal into fee left-hand 
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region (1) of flie device the wavelength of flie defect mode may be reduced (in region 
1) due to the non-linearity of the structure, allowing the high power signal to traverse 
the junction and propa^te across the right-hand r^on (2) of the device. 

If sent in the opposite direction, however, (fiom region 2 to 1), the mat^ial non- - 

5 linearity would cause a fiirfher reduction in wavelength of the defect mode, and thm 
would be no suitable defect mode toned to that wavelength in re£^on (1) so 
transmission would not be possible. 

Ihe optical power threshold level required to create the non-linearity is 
analogous to the electrical bias voltage which must be applied across a smuconductor 

10 pn junction to obtain conductance. 

An alternative method of operation is toed on a photonic o^stal with two 
distinct regions. (Fig. 40) Each region consists of a regular triangular lattice photonic 
crystal with no defects. Each regjon howevor is designed to have a slightly different 
photonic band gap wavelength range. (This may be achieved by varying the lattice 

IS pitch and/or the pore diameter). 

By applying a high power optical pulse to one side of tiie junction, the edges of 
the band gap become shifted. A situation can occur where the band edges become 
shifted so that they couicide in wavelength with the band edge of the opposite region 
of the device. At this pomt transmission becomes possible giving rise to diode action. 

20 By using a high power second laser beam to apply the optical bias to the device, 

an optical switch could be created wh^ the small amount of extra power suppUed 
by the signal beam causes the band ga^ edges to coincide. It is not essential for the 
band gaps to coincide. What is important is that the signal wavelength should be 
positioned within one photonic gap but not the other, before extra power is apphed, 

25 and whai the extra power is appKed, the signal wavelength should be clear of both 
photonic band gaps. 

Referring to Figures 41 to 45, various further embodiments of the invention are 
shown. Figure 41 is a diode stmcture based on the crystal lattice structure shown in 
Figure 40 in which a high power input beam approaching from the left-hand side 
30 provides at output beam, wh^eas a high power input beam from the right-hand side is 
blocked. This is because the two regions of crystal lattice structure 30, 32 provide 
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two photonic band g^s vnih an upper edge of slightly different values. When a hi^ 
power input beam is input ftom ibs left, the non linearity of the lattice structure 30 
causes the band gap tqpper edge to be shifted downwardly in eneigy so fliat the 
wavel^gth of the input beam is above the upper edge. ligiht is therefore transmitted 
5 above both upper edges to provide an ou^ut beauL However li^t approaching from 
the right will influence the lattice structure 32 to lower the upper edge of the photonic 
b^d gap, birtAejAotonic band gap in region 30 wiU remain unchanged Thus light 
will be blocked. 

Referring to Figure 42 this shows a sunilar steucture to that of Figure 44, but 
10 wherein a high pow^ bias optical signal 34 is provided, at any desired wavelengOi in 
order to influence ftie structure 30 to lower the photonic band gjap ^erd>y to permit 
an input low power signal 36 havmg a signal wavelength to pass through the structure 
to provide an output beam 38. This structure provides a relay or switch fimction. 

Referring to Figure 43, this shows a concrete form of the embodiment of Figure 
IS 42 wherein the low power signal 36 and a higih power bias signal 34 are conducted to 
the structure 30, 32 by optical fibre paths 40, 42. 

RefCTing to Figure 44, this ^ows a schematic transistor arrangement employing 
the structure 30, 32 of Figure 41. A high power biasing beam 50 is £q>plied to region 
30 to modulate the photonic band gap of region 30 whereby to permit a fraction of an 
20 input ligjit beam 36 to be transmitted as an output beam 38. Thus by carefiil 
adjustment of the parameters of poww and signal wavelength, the power beam 50 acts 
to modulate the power to the output beam 38, in a manner similar to a transistor. 

la Figure 45, a lattice structure is employed 52 comprising a signal region of a 
regular triangular lattice. A high power light beam 54 applied to the surfece of the 
25 crystal structure modifies the photonic band pp to pranit light to be propagated 
through the crystal structure as abeam 56. 

The precise characteristics of a crystal structure with a similar form to region I 
of Figure 40 had been determined experim^tally as shown in Figures 46 and 47. 
Figure 46 shows propagation of TE and TM modes outside the band gap, ie. with an 
30 energy greater than that of the upper level of the band gs^, but very close to the upper 
band edge and Figure 47 shows propagation of both modes at the energy level of the 
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upper edge of the baud gap. 

In Figure 46 flie inset at the iow^ left-hand side shows the signal wavelength in 
relation to the band g^, tiie signal wavelenglh bemg ova: 70Qnm whereas tihie band 
g^ is in a region about fiOOiun. The main graphs compare ^ectia for a dgoal laser 
5 beam signal (wtucfa has passed through a photonic crystal structure mibedded in a 
silicon nitride waveguide) with a reference laser beam (which has passed thxou^ a 
similar waveguide stracture but ^ch did not have a photonic crystal CTfoedded in 
it), at two different power levels. 

It may be seen that for both modes at wavelengOis close to the uppor band edge^ 
10 there is little change in spectral properties for the ref^rrace laser beam as the power 
changes from low power (as shown in the lower graphs) to high power (as shown in 
the upper graphs). 

However there is a significant change in spectral ^hapc for Ught transmitted 
throu^ the signal beam which has passed through the photonic crystal as the power 
15 changes from low power to high power. 

In comparison with flie reference signal, the spectral shape of the laser beam has 
been flattened and shifted to slightly longer wavelengths. 

This effect is due to an enhanced optical power d^isity due to localisation close 
to die upper band edge. The increased optical power density has in tum caused the 
20 effective refractive index of the silicon nitride material to change slightly due to an 
induced non-linearity. This in tum has caused the edge of the band gq? to shift in 
position. 

Refming now to Figure 47, the graphs show the power dependent behaviour of 
a photonic crystal device at shorter wavelragths lying just wittiin the photonic band 
25 gap. The signal wavelength in relation to the band gap as shown in the inset at the 
upper left-hand side is of a value about 61QnixL 

It may be seen for the TE mode, flie spectra for the beam transmitted through the 
photonic crystal is roug^y the same as the reference spectra for both high and low 
power, althou^ there is a small shift to longer wavelengths for the signal beam. 
30 For the TM mode, at both low and higji power there is a considerable difference 

between the reference and transmitted signal spectra. 
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In both cases, the signal tran^tted through the photonic ciystal has been 
shifted considerably towards longer wavelengdis. At low pow^ (shown in the lower 
right-hand graph), the transmitted signal has a peak centered at about 62Qnm. For a 
high power input signal die tcansmitied signal has a wavelmgth spectra centered 

5 about 627nnL thus a power dq>ffldent wavelength change has been induced upon &e 
signal by the influence of the photonic band gap. 

TiAs is caused by a shifting in the photonic band gap edge for high pow^, 
going to a slightly higher wavelength (lower energy). This edge shifdng is caused by 
the non-linearity of the lattice structure. It ^uld be noted that silicon intride which 

ip the material is formed is not in itself a non-linear material but that the triangular 
lattice structure induces a strong linear non-linearity effect For the purposes of this 
specification, nonrlinearity means that the refi:active index of the material is 
dependent on the s^lied power of the x^tical signal. 
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CLAIMS 

1. A method of fonning a stnictore exhibiting a photcHiic band gap, the method 
comprising: 

5 providing a material extending in two dimensions, and fommig in said material, 

first regions, having a first refiactive index, the first regions bdng spaced apait by a 
second regjion or regions of a second refractive index, the regions defining a 
quasicrystal exhibiting long range order but short tenn disorder, and exhibiting n-fi>ld 
symmetry wherein n is greater than or equal to two, whereby to provide a photonic band 

10 gap extrading vx at least said two dimensions. 

2. A stracture exhibiting aphotonic band gap, 

wherdn the stracture includes a material, extending in two dimensions, 
comprising first regions of a fast refractive index ^)aced fiom one another by a second 
region or regions of a second refiractive index in order to provide a quasicrystal 
15 exhibiting long range order but short temi disorder, and exhibiting n-fold symmetry, 
wherein n is greater than or equal to two, whereby to create a photonic band g^ 
extending in at least said two dimensions. 

3. A method of forming a structure exhibiting a photonic band gap, the method 
comprising: 

20 providing a material, extrading in two dimensions, and having a relatively low 

index of re&action, less than or equal to three, and forming in said layer first regions, 
having a first refractive index, the first regions bdng spaced apart by a second region or 
regions of a second refiractive index, die regions defining a quadcrystal, exhibiting long 
range order but short term disorder and exhibiting an n-fold symmetry where n is 

25 greater than or equal to two, whereby to create a photonic band g?ip extending in at least 
said two dimensions. 
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4. A method of fonning a stmctare ^dubiting a photonic band g£q>, the method 
comprismg: 

providmg a material extmdmg in two dimo^ons and forming in said material 
&st regions, having a fiist refractive index, the first regions bdng spaced spart by a 
5 second re^on or tenons of a second refiractive index, die regions defining a 
quasictystal exhibiting long range order but short tsan disorder and exhibiting n-fi)ld 
. symmetry, v4iereinn> 12, >vfaQ[eby to create a photonic band g^ extending in at least 
said two dimenaons. 

5. A method of fomuhg a stmcture exhibiting a photonic band gzp^ the method 
10 comprising: 

providing a material, ^tending in two dimensions, and etching the material to 
remove mat^al in predetennined areas, the etching extending in a direction 
peqjendicular to said two dimensions, whopeby to define first regions having a fiist 
refi^tive index spaced by a second region or regions having a second refi:active index, 

15 whereby to define a quadorystal exhibitoig long range order but short tenn disorder and 
exhibiting n-fold syoDttnetry wherein n is greater than or equal to two, wheareby to create 
a photonic band g^ap extending in at least said two dimendons, and 

wherein the ratio of the area of the first regions to the area of the second regions is 
relatively low, being less than 35%. 

20 6. A method or stmcture according to any of claims 1 to 5, wherein the photonic 
band gap is generally uniform in any direction withm said two dimensions, having the 
same v^dth and/or same mid gap firequency. 

7. A method or stmcture according to claim 6, wherein the photonic band gap is 
uniform in any direction to within 4%, and preferably within 1%. 
25 8. A mediod or stmcture according to any of claims 1 to 7, wherdn the photonic 
band gap is generally ttie same for all states of polarisation. 

9. A method according to claim 5, wherein the ratio is 28%, or less. 

10. A method according to claim 5 or 9, wherein said predetamined areas comprise 
said first regions. 

30 11. A method according to claim 10, wherein said first regions comprise air holes. 
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12. A method according to claim 8, wh^ein the air holes are subsequeatly filled with 
a desired material 

13. A method accordiiig to claim 12, whemn ttie desired material is Uquid oystal, 
ferromagaetic, a dye, or an optical non-linear matoial, whose optical properties may he 

5 influenced by application of an electric, magnetic, electromagnetic field, or optical 
field, temperature, acoustic radiation, or chcanical reagrat 

14. A structure or method according to any preceding claim, v^erein the quadcrystal 
exhibits a 12 fold symmetry. 

15. A structure or method according to any precedoig claim, wherein the quasicxystal 
10 has a ^mi ceU structure. 

16. A structure or method accordmg to claim 14 or 15, wherem the approximant tiling 
is based on an assembly of adjac^ rectangles, triangles or rhombL 

17. A structure or method according to any of claims 1 to 13, wharein the quasicrystal 
exhibits 10-fold symmetry, being based on Penrose tiling, or the quasicrystal is based 

1 5 on Archimedian tiling. 

1 8* A structure or md:hod according to any preceding claim, wherein die mat^al is 
selected from silicon, gennauium, silicon nitride, silicon oxynitride, gallium arsenide or 
indium phosphide, or compounds or mixtures thereof, or a glass, or a plastic. 

19. A structure or method according to claim 18, wherein the material is silicon 
20 nitride or silicon oxynitride. 

20. A structure or method according to claim 18, wh^ein the material is a glass, 
prefacably a sihca glass. 

21. A structure or m^od according to any preceding claim, wha^ein said first regions 
are positioned at apices of the crystal lattice, or at the centre of shape sites. 

25 22. A structure or method according to any preceding claim, vriiierein said first regions 
define a quasicrystal geometry in two dimoisions, and n>6. 

23. A structure or method according to any preceding claim, wher^ said mat^al 
GKtmds in three dimensions, and said first regions ^eud m a durection perpendicular to 
said two dimensions. 

30 
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24. A structure or method according to claim 23, wharein the material comprises an 
optical fibre, and said first regions extend along the length of &e fibre. 
25* A structure or method according to any of claims 1 to 21, wherein the first regions 
are formed as Isigths parallel to one another in one of the two dimrasions, the spacing 
5 . of the lengths in the second dimension being such as to provide said photonic band g^ 
in at least said two dimensions, and wherein n is two or more. 

26. A structure exhibiting a photonic band gap, 

wherein the structure includes a material comprising first regions of a first 
refiractive index spaced ftom one another by a second region or regions of a second 
10 reflective index in order to provide a crystal or quasicrystal exhibiting a photonic 
band gap, such as to modify the properties of the material to induce a significant non- 
linear effect wherein the refiractive index of the structure is dependent upon the power 
of light incident on the structure. 

27. An optical device comprising a body having at least one path tfa«-e through for die 
15 trananission of optical radiation wherein the transmission characteristics of said 

radiation when traversing said path are constrained by a first and a second region 
disposed within said body and comprising a material or materials exhibiting a photonic 
band gap wherein said first and second regions are positioned relative to one another so 
that an evanescent field associated with the photonic band gap of said first region 
20 mtCTacts with an evanesc^t field associated with (he photonic band gap of said second 
region to cause said transmission characteristic to be essmtially non-Unear, asymm^c 
or controllable. 

28. An optical device having an optical transmission path through first and second 
adjacent areas, each area comprising first regions of a first refiractive index spaced apart 

25 by a second region or regions of a second refiractive index, said regions defining a 
crystal or quasi crystal structure having a photonic band gap, and each such structure 
having defects therein to create photonic states wifliin the band gap and associated 
evanescent fields, the evanescent fields of the first and second areas being coupled so as 
to permit transmission within the photonic band gap, the transmission characteristic 

30 being non-linear or asyrranetric. 
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29. A device according to claim 28, wherein for each area, the defect structure is 
formed by predetermined first tegions beuig of a diffotent size or shape to the 
remainder of tte first rpgjons, or being of a diffeiCTt material, or by omitting 
predetwnined first regions, to oreate a set of defects ootqpled to one anofli^ by 

5 evanescent fields. 

30. A device according to claim 29, wherein the defect stmcture comprises a pmodic 
array of defects. 

31. A device according to claim 29 or 30, wherein fiie defects in the first area are 
different, and/or have a different spacing, from defects in die second area, 

10 32. An optical device having an optical transmission path tbrou^ fiist and second 
. adjacent areas, each area being fomied fix>m a layer of material comprising, first regions 
of a first refi:active index spaced apart by a second region or regions of a second 
refractive index, the regions defining a orystal or qita^ ccystal structure having a 
photonic band gap, the photonic band gaps in the two areas having different values, 

15 whereby ligjht incidmt on the one area adjusts the band gap value relative to the band 
gap of the other area. 

33. A optical device according to claim 32, wherein at least one of the first and 
second areas exhibiting a non-linear refi'active index. 

34. An optical device accoiding to claim 32 or 33, wherein the band gaps are 
20 adjustable so as to be equal in value. 

35. An optical device according to claim 32, 33, or 34, wh«-ein the arystal or quasi 
crystal structures in the respective first and second areas are diffsrat, being of a 
diffia-ait symmetry, and/or the respective first regions have a different size and/or 
spacing. 

25 36. An optical switch incorporating a structure according to claim 26, including 
means for directing a power beam of light onto the structure, and including means fi^r 
directing a signal beam of ligjit through the stmcture and whereby the power beam 
changes the refiractive index of material and creates a path for the signal beam of li^t. 
37. An optical diode incorporating a device according to any of claims 27 to 35, 

30 including means for directing a signal beam of light through a transmission path. 
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38. An optical switch or tiansistor incoipoiating a device according to any of claims 
27 to 35, including means for directing a signal beam of light throu^ the 
transmission path, and means for directing a modulating beam of light onto the first 
and/or second area to att^ the refiactive index hereof, thereby <o alto: the 
5 transmission properties of the transmission path. 
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